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weight and feed e ciency in two divergent

broiler lines for meat ultimate pH
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Elisabeth Le Bihan-Duval' and Sandrine Mignon-Grasteau®*

Abstract

Background: Selection for feed e ciency is one of the best ways to decrease poultry production costs and environ-
mental impacts. While literature on its genetic determinism is abundant, it is limited to one or a few periodic values
over the animals'lifespans. With the development of new phenotyping tools, kinetics of growth and feed intake are
now available, providing access to daily data on feed e ciency. In this study, over the course of 6 weeks, we described
the kinetics of body weight (BW), average daily weight gain (ADG), feed intake (Fl), and daily cumulative feed conver-
sion ratio (DCFCR) using electronic feed stations. We then estimated the genetic parameters of daily data in two fast
growing lines of chicken divergently selected for breast meat ultimate pH (heritability and genetic correlations with
breast meat yield and pH).

Results: Birds from the line selected to have a more acidic meat (pHu-), were more e cient than those selected to
have a less acidic meat (pHu+), with a 4.3% higher BW from d7 to d29 and 5.0% better feed e ciency from d12 to
slaughter. The line e ect for ADG and DCFCR appeared to be significant as early as d5, which is consistent with the
early age at which metabolic di erences between the two lines appear. Genetic parameters estimated within each
line revealed di erent genetic determinisms of growth and feed e ciency, with a higher impact of maternal e ects
on BW during the growing phase (d10 to d20) in the pHu+ line and much higher heritability values of DCFCR during
the finishing phase (d26-d42) in the pHu- line.

Conclusion: Genetic profiles of daily performance highlighted the di erence between both lines. Their behavior dur-
ing dietary transitions reinforced the already known impact of these periods in the animals' lives. Based on the profiles
of genetic parameters within each line, it seems feasible to identify early criteria for selecting feed e ciency, but they
must be defined for each line, as the genetic determinism of these traits is line-dependent.

Keywords: Kinetics, Growth, Feed conversion ratio, Genetic determinism, Chicken, Alternative feedstu , Meat quality

Background

Feed e ciency has been one of the most important cri-
teria of selection in poultry for decades because of its
economic importance and benefits for the environmental
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impact of poultry production [1]. In the US context, with
an annual production of 19.5 10° tons of poultry meat,
Abasht et al. [2] estimated that a 1% reduction in feed
conversion ratio would result in a savings of $ 294 10°
on broiler feed and a reduction of 0.53 10° tons of fresh
manure produced. Diversifying feedstu s is another way
to reduce the social impact of poultry production by
increasing the proportion of local or less concentrated
feedstu s and agricultural by-products in poultry diets,
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and reducing importations of soybean into Europe [3]
and competition between human and animals for lands
and cereals [4—6].

Literature on the genetic determinism of feed e ciency
is abundant. Estimates of heritability vary largely depend-
ing on the periods studied and the strains. For example,
heritability estimates for feed conversion ratio at 42 d
vary from 0.13 to 0.41 depending on the strains and on
the duration of data collection [4, 7—10]. Estimates are
generally lower in commercial lines than in random-bred
or crossbred lines. Data from the literature also indi-
cate that heritability of feed conversion ratio tends to
decrease with age [2]. Despite this obvious e ect of age,
most of the literature on the genetics of feed e ciency
has been concentrated on the last part of the production
cycle, has relied on one or a few data of feed e ciency
calculated over periods of one to 6 weeks, and no daily
genetic parameters are available in the literature yet.
Finally, despite the fact that all meat-type chickens and an
increasing proportion of laying hens are reared in group
and on floor, most estimates of genetic parameters of
feed e ciency rely on measures of feed intake collected
in individual cages.

anks to recent developments in the phenotyping of
feed consumption and animal weight, it is now possible
to have access to the kinetics of animal growth and feed
e ciency. us, using the BIRD-e electronic feeder that
provides daily data of feed intake and body weight on
individuals raised on the floor [11, 12], Berger et al. [4]
described the response of slow- or fast-growing chickens
to conventional or alternative diets.  eir work high-
lighted several interesting points such as the importance
of transition periods around diet changes and the impact
of early growth or feed e ciency parameters on the final
performance of birds, including body composition and
meat quality.

ese new phenotyping tools make it possible to revisit
the genetic study of feed e ciency in chickens and to
optimize the search for selection criteria by considering
the kinetics of daily data. e objective of this study was
thus to describe the evolution profile of genetic parame-
ters of body weight, feed intake and feed conversion ratio
in fast-growing chickens, in a context of feedstu s diver-
sification. Animals were thus fed with a diet containing
the same amount of energy and proteins than usual diets,
but including alternative feedstu s to soybean, produced
locally and less in competition with human food. Feed
e ciency depends on many factors such as basal metab-
olism, protein turnover, body composition, and diges-
tive e ciency [2]. A link with meat quality traits such as
wooden breast defect was also recently reported [13]. In
the current study, we relied on two lines of fast-growing
broilers divergently selected for breast meat ultimate pH
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[14], in order to study the genetic control of the kinetics
of body weight and feed e ciency in birds with di erent
metabolic profiles and meat quality.

Results

Line e ect on phenotypic performance

As expected from the selection performed on these diver-
gent lines, breast meat ultimate pH at 42 d was much
lower in the pHu- line than in the pHu+ line (5.58+0.12
vs 6.21+0.14, P= 0.001). Breast meat yield (BMY) was
also 3.5% lower in the pHu- line than in the pHu+ line
(18.83+1.54 vs 19.51+1.82, P=0.001).

e line e ect on daily performance is shown in Fig. 1
and detailed statistics can be found in Supplementary
Tables 1 and 2. Line e ect was significant from 8 to 36
days for BW, from 5 to 20 days for ADG, from 5 to 10 days
and from 23 to 42 days for DFI, and from 6 to 42 days for
DCFCR. During these periods, pHu- birds showed better
performance than those from the pHu+ line (7.3% higher
ADG, 4.3% higher BW, and 4.2% lower DCFCR). e
ranking of both lines changed for DFI between the first
period (5-10 d), during which pHu+ birds had a 9.1%
lower feed intake, and the second period (23-42 d) during
which pHu- birds ate 4.3% less than pHu+ birds.

For all daily traits, pHu+ performance was more vari-
able than pHu- performance, as shown by larger coe -
cients of variation reported in Fig. 1. For growth traits,
the performance variability of both lines was constant
throughout the entire period (with CV comprised
between 11 and 25%), while the variability of feed intake
and feed e ciency was much higher before the first
change of diet (CV from 15.7 to 38.8%) than after (CV
from 5.3 to 21%).

Heritability estimates for daily performance and slaughter
traits

Heritability of pHu and BMY were quite significant
and close in the two lines (pHu: 0.55%0.03 in pHu- and
0.58+0.03 in pHu+, BMY: 0.59+0.03 in pHu+ and
0.54+0.03 in pHu-).

Heritability estimates of daily performance are pre-
sented in Fig. 2 and supplementary Table 3. Heritability
of DCFCR (Fig. 2d) increased with age for both lines,
until 26 days for pHu+ and 30 days for pHu-. en
it remained stable around 0.57 for the pHu- line and
slightly decreased to stabilize around 0.30-0.35 for the
pHu+ line.

Heritability of ADG and DFI showed comparable
kinetics (Figs. 2b, c). Before 26 d, heritability tended to
increase in the pHu+ line whereas it was stable in the
pHu- line. After 26 d, heritability estimates decreased
in both lines for ADG. For DFI, it decreased to 0.11 for
pHu+ whereas it remained stable around 0.25 for the
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heritability of DFI for pHu-. e largest di erence in her-
itability between the two lines for both traits occurred on
the 8 days after the second change of diet.

Finally, for BW, heritability increased until 14 d for
pHu- and 20 d for the pHu+ line, estimates being 14 to
146% higher for pHu- (Fig. 2a). After this first age, her-
itability estimates from both lines decreased until 42 d
and remained close between the two lines, with slightly
higher values after 35 days in the pHu+ line (9 to 13%).

Maternal e ects on daily performance

Maternal e ects did not exceed 0.07 for both lines for
DCFCR and DFI and nearly disappeared after the first
diet change for DCFCR and the second diet change for
DFI (Figs. 3c, d). In contrast, maternal e ects reached
higher values and remained present later for BW and
ADG (Figs. 3a, b), especially in the pHu+ line. For both
traits, maximum values were reached for pHu+ animals
between the two diet changes (0.10 for ADG and 0.13
for BW). Maternal e ects on BW in pHu- were lower
(<0.08), but remained significant until 38 d.

Genetic correlations

Correlations between nal cumulative feed conversion ratio
and daily performance

Genetic correlations between final cumulative feed con-
version ratio (DCFCR,,) and daily traits are reported
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in Fig. 4 and Supplementary Table 4. As expected, the
genetic correlation between daily and final cumulative
FCR increased with age. It reached strong values before
the first diet change in pHu- (>0.8) and just after in
pHu+ (>0.7), suggesting that feed e ciency recorded
around the first diet change is an early predictor of
final feed e ciency. In contrast, correlations between
DCFCR,, and body weight were low throughout the
whole period in both lines (0.17 in pHu+ and -0.02 in
pHu- on average).

Profiles of correlations between DFI and DCFCR,, var-
ied more between the two lines. Two periods of stability
occurred for pHu+. e first one occurred between day
5 and day 13 and showed values around 0.62. e sec-
ond one was between day 15 and slaughter, and showed
values around 0.4. e correlation between DFI and
DCFCR,, in pHu- was more variable, increasing to 0.7
before the first change of diet and decreasing to 0.2 the
day after. After this change, the correlation remained sta-
ble until 22 days.  en it increased strongly to 0.72 at 29
days and finally decreased to 0.2 in the last days. e line
di erence could also be seen in the correlations between
DCFCR,, and ADG. us, the correlation within the
pHu+ line remained stable and low during the whole life
of the chickens (0.10 on average), whereas this correlation
showed a decrease after 27 days in the pHu- line. Aver-
age correlation values were equal to 0.04 before 27 d and
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-0.32 after 27 d, indicating that in pHu- a lower e ciency
was associated with a decreased growth rate at later ages.

Correlation between pHu and daily performance

Genetic correlations between the criteria of selection,
breast meat ultimate pH, and daily traits are reported
in Fig. 5 and Supplementary Table 5. Since the lines had
been divergently selected for pHu, di erent patterns
of correlations between pHu and growth or feed e -
ciency traits could be expected between the two lines.
Indeed, for most correlations, the signs of correlations
were di erent in the two lines. For example, correla-
tions between BW or DFI and pHu were low and nega-
tive in pHu+ (u=-0.23 and -0.37, respectively), but low
and positive in pHu- (u=+0.11 and +0.33, respectively).

Regarding the correlation between ADG and pHu, the
di erence of pattern between lines was marked after the
second diet change, as this correlation increased from
-0.24 to +0.58 in pHu+, but decreased from +0.37 to
-0.56 in pHu-.

e correlation between DCFCR and pHu increased
in both lines from hatch to the first diet change (to
+0.38 for pHu+ and +0.80 for pHu-). After this event,
the correlation for pHu+ decreased down to -0.6 at 13
days and remained stable until the second diet change.
Finally, the correlation increased slowly up to -0.15
at 28 days. From 29 d until the end, it decreased to
reach -0.89. e correlation for pHu- was more stable,
decreasing after the first change of diet and being stable
from 15 to 30 days, at around +0.53. After this day, it
increased and reached +0.71 at 42 days.
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Correlation between BMY and DCFCR

Figure 6 and Supplementary Table 6 contain the genetic
correlations between DCFCR and BMY. For the pHu-
birds, this correlation first increased from 0 to 0.38
until 12 d and then decreased until 42 d, being close to
0 at the end. In comparison, the correlation for pHu+
showed 3 phases: from 0 to 16 d around 0.2-0.4, from
17 to 28 d between 0.4 and 0.6, and from 29 d to slaugh-
ter a decrease until 0.

Discussion

is study made it possible to give a detailed descrip-
tion of the kinetics of growth and feed e ciency in
the two divergent lines for breast meat ultimate pH.

While the weight of chicks was higher at hatching in
the pHu+ line (40.9 vs 38.4, P<0.001), their daily feed
intake was lower in the first days of life so that BW
became similar between the two lines at 5 d. As ulti-
mate pH and muscle glycogen stores are highly geneti-
cally correlated at slaughter age (-0.97) [15], selection
applied to pHu modified glycogen levels between pHu+
and pHu- broiler chickens [14, 16]. is di erence was
found to be already present at hatch, with a higher gly-
cogen content in the breast and pipping muscles of
pHu- chicks [17].  ese early metabolic di erences are
accompanied by a lower quality of pHu+ chicks [18]
estimated according to the Tona’s grid [19]. In poor
quality chicks, the starting phase seems more di cult
with an altered feed intake in the first days of life and
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a lower average daily gain continuing up to 3 weeks of
age, as evidenced in the current study. As shown by
transcriptomic and metabolomic analyses conducted at
6 weeks [20, 21], growing chickens from the two lines
rely on di erent metabolic pathways to produce energy,
with an intensive use of carbohydrate metabolism in
the pHu- line and of muscle proteolysis and amino
acid catabolism as well as lipid oxidation in the pHu+
line. In the current study, we showed that although the
pHu+ birds consumed a higher amount of feed from 23
days onwards, they were characterized by a lower BW
and 4% higher FCR, in consistency with their lower
metabolic e ciency. At the same time, pHu+ birds had
a higher breast yield at slaughter (19.5 vs 18.8, P<0.001).
Although a favorable relationship is usually observed
between breast development and feed e ciency [1],
this was not observed in the pHu lines for which the
higher protein deposition in the pHu+ line seems to
be made at a higher energetic cost.  is absence of cor-
relation and the lower DCFCR heritability in pHu+
birds after the second change of diet may underline a
di culty for these animals to express fully their genetic
potential. is could be due to the fact that the ener-
getic needs are fulfilled by the diet for the pHu- birds
but not for the less e cient pHu+ birds. For example,
the Hubbard nutritional recommendations during the
finishing phase vary between 2850 and 3200 kcal/kg
[22]. Our diet is formulated at 2950 kcal/kg, which may
be su cient in pHu- but not in pHu+, whose needs
may be closer to the upper values recommended. Dur-
ing this period, this lack of energy is compensated by an
increased feed intake, leading to an identical growth in
the two lines but to a higher DCFCR in pHu+ line. We

can thus hypothesize that a diet higher in energy would
be more appropriate in the pHu+ line”

e current study also provided original results on
the genetic determinism of the kinetics of growth and
feed e ciency in chickens. While heritability of BW
evolved in a similar way in the two lines from 20 days
onwards, decreasing from high values of 0.7 to moder-
ate values of 0.35-0.40, genetic controls of BW di ered
between the two lines in the first part of life. In particu-
lar, BW heritability was much lower between 10 d and
20 d in the pHu+ line.  is may partly be due to mater-
nal e ects that greatly influenced BW variability during
this period in the pHu+ line, while they remained low
in the pHu- line. In the current standardized condi-
tions of poultry production, maternal e ects are mainly
mediated by egg characteristics. Factors such as egg
size and nutrient content (vitamins, carotenoids, etc.)
or maternal hormones can impact the development and
the phenotypes linked to the fitness of the o spring
[23]. e higher egg weight observed in the pHu+ line
[17] might contribute to the higher maternal e ects
observed in this line, but additional studies are needed
to evaluate if variations in nutrient and hormone con-
tents in the eggs could also exist between the two lines.

e range of estimates of heritability of feed conver-
sion ratio available in the literature was 0.11 to 0.54 [2, 7,
24-29].  ese values are obtained between 3 and 6 weeks
of age, as animals in these studies are most often reared
on floor several weeks and transferred to individual cages
during 1 to 3-4 weeks for the measure of feed intake. Esti-
mates of heritability of feed e ciency before 2 weeks are
thus not available in the literature. Our values obtained
at similar ages, i.e. after the second diet change, are on
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the top of this range, with average estimates of 0.35 in
pHu- line and 0.53 in pHu+ line. Moreover, at the excep-
tion of Howie et al. [28], these estimates were obtained
in animals reared in individual cages, where social behav-
ior and physical activity which influence feed intake and
growth, cannot be expressed normally. Our estimates
are quite close to those of Howie et al. [28] obtained on
floor- and group-reared animals, which varied from 0.30
to 0.45 in four di erent genotypes for the global feed
conversion ratio between 2 and 5 weeks. However, even
in the latter case, the absence of daily measure of body
weight prevented calculating daily feed conversion ratio,
and thus following its evolution with animal growth.
We show in this paper that this daily evolution is large,
as heritability of feed conversion ratio varies strongly
between early ages (0.12-0.14 on average before the first
diet change) and late ages (0.35-0.53 on average after the
second diet change). In contrast to BW, the genetic di er-
ence between the two lines for feed e ciency was mostly
present after 25 days, when heritability stabilized at a
high value of 0.5-0.6 in the pHu- line and at a moderate
value of 0.30 in the pHu+ line. A di erence in the pro-
files of heritability of feed e ciency around diet transi-
tions was also evidenced. Indeed, pHu+ heritability was
quite stable around these periods, whereas pHu- showed
a strong increase in heritability around the first transition
and a sharp decrease before the second transition. e
profiles of genetic correlations showed that, in both lines,
maintenance costs were not decisive for feed e ciency,
but that feed intake was the trait contributing the most to
feed e ciency. However, after 30 d in the pHu- line, the
influence of feed intake decreased in favor of weight gain.

e di erence in energetic metabolism between lines
may contribute to these di erences in genetic profiles.
At the first transition, feed intake and body weight both
increased linearly and needs may be fulfilled thanks to
the increase of the ratio of energy to protein between the
first and the second diet. In contrast, between 15 and 20
days, feed intake increase was still linear whereas growth
was exponential. For pHu- birds, the ratio of energy to
protein in the second diet may thus be limiting to fulfill
animal needs until the last diet transition, after which
heritability increased again and reached a higher value
than in the pHu+ line.

Access to daily data can o er new opportunities to
improve selection strategies for feed e ciency. At first,
the profiles of genetic parameters can lead to identifying
earlier predictors of the final feed e ciency. By combin-
ing information on heritability and genetic correlations,
we compared expected response to a direct selection for
the cumulative feed conversion ratio measured at slaugh-
ter age (i.e. DCFCR,,) to the indirect selection for the
same indicator measured earlier. Given our experimental
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results, selection for DCFCR could be envisaged as
soon as 20 d in pHu+ birds and 29 d in pHu- birds with
an expected response amounting to 80% of the maxi-
mum response that would be obtained by selecting for
DCFCR,,. Whatever the scenario, the expected response
would be higher in the pHu- line than in the pHu+ line
(0.4240.14 and 0.21+0.09, respectively for pHu- and
pHu+). Moreover, given the profiles of correlations
with BMY and meat pHu, improved FE would lead to an
increased pH value and a decreased breast yield in the
pHu+ line, but a more acidic meat without any correlated
response on BMY in the pHu- line. s illustrated again
the di erent genetic determinism of FE in the two lines.

Selection on feed conversion ratio with an alterna-
tive diet would improve the e ciency of the system
by two ways 1) the improvement of FCR performance
with a high economic impact or 2) at the same FCR, the
spare of resources that could be used in human food. In
a former study, we already showed that rapid growing
chickens could reach similar performances with a clas-
sical corn-soybean diet than with an alternative diet [1].
We considered the proportion of energy and protein of
each feedstu that could be used for human food [30],
the composition of our alternative diet and of the clas-
sical diet as used in Berger et al. [1], and the mean feed
intake of starter, grower and finisher diets we got in the
current study to calculate the quantity of human-edi-
ble energy and proteins that could be spared by using
an alternative diet instead of a classical diet. For each
2 kg chicken fed with the alternative diet and with the
same FCR, depending on the line, we would save 63.8-
65.2 g of human-edible proteins and 153.5-158.0 g of
human-edible energy than with the classical diet. is
represents a decrease of 1.4% on protein and 1.8 to 3.5%
on energy. is saving of resources by changing diet
composition without any FCR improvement is roughly
equivalent to the gain expected by a genetic improve-
ment on the alternative diet of 0.10 of FCR for human-
edible proteins (77.8-80.2 g) and by a decrease of 0.15
of FCR for human-edible energy (155.4-159.7 g).

Conclusion

Our study highlighted di erences in the kinetics of feed
intake, growth rate, and feed e ciency between the two
broiler lines diverging for breast meat ultimate pH in rela-
tionship with their early metabolic di erences. e genetic
determinism of these traits varied to some extent between
the two lines, and showed that the respective contribu-
tions of growth rate and feed intake on genetic determin-
ism of FCR di ered in the two metabolic contexts. Having
access to daily FCR data allowed for the identification of
early relevant predictors, and opens the way to new strate-
gies or methodologies for selecting feed e ciency.
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Materials and methods

Birds and housing

In this study, we used animals from two experimental
broiler lines divergently selected for a high (pHu+) or a
low (pHu-) ultimate pH of the Pectoralis major muscle
during fourteen generations.  ese lines came from a
fast-growing grandparental female broiler line selected
for both growth and reproduction traits. A complete
description of the breeding scheme and performance
of these lines can be found in Alnahhas et al. [14]. Two
batches were reared in parallel for 42 days for the current
study, the second batch starting one week later than the
first one. Each batch was reared in identical and adjacent
cells of 11 m x 5.11 m covered with wood shavings. e
first and second batches respectively included 183 and
156 pHu- and 144 and 167 pHu+ of both sexes.

The temperature was set at 32°C at hatch and
decreased progressively to reach 20-23°C from 29 d on.
The light program was 24D:0N at d0, 23D:1N at 1 d
and 18D:6N from 3 to 42 d. At hatch, the animals were
identified with a wing band and an electronic Radio
frequency identification device (RFID) chip, then
weighed and placed in one pen on a floor covered with
wooden chips. The RFID chip was placed at the base
of the neck and secured with a plastic string passing
under the skin.

e animals were fed ad libitum with a diet containing
a high proportion of sunflower, rapeseed, and fava bean in
order to reduce the soybean meal proportion in the diet.

e detailed composition is shown in Table 1. A starter
diet was given from hatch to 8 d (2850 kcal.kg™ DM:; 21.5
% CP), a grower diet from 9 to 19 d (2900 kcal.kg* DM;
20.0 % CP), and a finisher diet from 20 to 42 d (2950 kcal.
kg™ DM; 18.5 % CP). Diet was formulated using the POR-
FAL software v.4.0.17 (ITP-INRA, Paris) in order to follow
Hubbard broiler nutrition recommendations [22]. Potential
interesting feedstu s, such as Faba bean, sunflower meal,
rapeseed and DDGS were included in the diet based on the
results of a former project dedicated to the test of alterna-
tive feedstu s for poultry diets [31].

Body weight and feed intake were individually and con-
tinuously recorded throughout the experiment thanks to
electronic feed stations [11] and calculated following the
procedure presented in Berger et al. [4].

Body weight, feed intake, weight gain, and feed conversion
ratio

Body weight (BW), daily feed intake (DFI), average daily
gain (ADG), and daily cumulative feed conversion ratio
(DCFCR) were calculated as in Berger et al. [1]. Briefly, for
each animal i at day j, average daily gain (ADGy) and daily
cumulative feed conversion ratio (DCFCR;) were calcu-
lated as:
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Table 1 Composition and age of distribution of diets

Ingredient (%) 1-8d 9-20d 21-42d
Corn 2042 19.89 2350
Wheat 30.10 30.10 30.10
Fava bean - 12.00 13.00
Soybean meal 2422 1161 713
Rapeseed meal 5.00 5.00 8.00
Wheat DDGS 3.00 5.00 5.00
High fiber sunflower meal 8.12 7.73 519
Soybean oil 5.00 5.00 5.00
Corn gluten

Calcium carbonate 0.655 0.142 0.00
Bicalcic phosphate 2.05 173 140
Salt 0.192 0.15 0.158
Vitamins and minerals 0.40 0.40 0.40
Sodium carbonate 0.196 0.262 0.250
DL-Methionine 0.234 0.285 0.234
HCL Lysine 0.176 0.264 0.250
Threonine 0.088 0.157 0.135
Valine 0.038 0.130 0.106
Tryptophane 0.005
Calculated composition

AMERN, kcal/kg 2850 2900 2950
CP g/kg 215 194 181
Lys, g/kg 112 109 10
Met + Cys, g/kg 84 8.17 75
Trp, g/kg 2.28 184 17

where DFI;; and BWj; are the daily feed intake and body
weight of animal i for day j, respectively. DCFCR,, stands
for the cumulative feed conversion ratio over the whole
rearing period.

Meat ultimate pH
At 42 d, the animals were weighed after 8 hours of feed
withdrawal and transferred to the slaughterhouse of the
PEAT INRAE poultry experimental facility.

After 24 hours of chilling, the right Pectoralis major
and Pectoralis minor were cut and weighed. Breast meat
yield (BMY) was calculated as:
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e ultimate pH of the Pectoralis major (pHu) was
measured with a portable pH meter (model 506, Crison
Instruments SA, Alella, Barcelona, Spain).

Phenotypic analyses
All phenotypes were first analyzed using the PROC GLM
procedure of SAS 9.4 [32] with the following model:

with yj; being the trait for animal | of line i, sex j and
hatch k and ey the residual for animal |I.

Genetic analyses
Heritability and genetic correlations between traits
were estimated using VCE6.0 software [33, 34]. In
addition to data collected during this experiment, data
of pHu collected from previous generations of selec-
tion were included in the genetic analyses, leading to
a variable number of data depending on the trait: 578
for BW, ADG, DFI, DCFCR and 9,541 for pHu. The
pedigree file contained all animals from the beginning
of the selection experiment, i.e. 23,319 animals.
Genetic analyses were conducted separately for each
line. e animal model included the fixed e ects of the
sex (N=2) and batch (N=31) and the direct genetic e ect
of animal (N=23,319). When the maternal permanent
environment e ect (N=1,961) was not null, it was also
included in the model of analysis.

Abbreviations

ADG: Average Daily Gain (g.d™); BMY: Breast Meat Yield (%); CP: Crude Protein
(%); CV: Coe cient of Variation (%); DCFCR: Daily Cumulative Feed Conver-
sion Ratio (9.g™%); DCFCR,,: Final Cumulative Feed Conversion Ratio at 42 days
(9.g’™); DFI: Daily Feed Intake (g.d™); FCR: Feed Conversion Ratio (g.g™%); FE: Feed
E ciency; pHu: Ultimate pH of breast meat; pHu-: Broiler lines divergently
selected for a low pHu; pHu+: Broiler lines divergently selected for a high pHu;
RFID: Radio Frequency Identification Device.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512863-022-01035-z.

[ Additional le 1. ]

Acknowledgements
Not applicable.

Authors’contributions

QB: data analysis, EG, QB, SG: feed station development; QB, JB, PG, MC: data acqui-
sition. ELBD, SG, QB: project conception, interpretation of results, manuscript draft-
ing; SG, ELBD: project supervision. All authors read and approved the manuscript.

Funding

This study was supported by Feed-a-Gene, a project that has received funding
from the European Union’s Horizon 2020 research and innovation program
under grant agreement No. 633531,

Page 10 of 11

Availability of data and materials
The datasets supporting the conclusions of this article are available in the Data INRAE
repository, under the unique persistent identifier https.//doi.org/10.15454/QBNHAD.

Declarations

Ethics approval and consent to participate

The present study was performed in agreement with the French National
Regulation for human care and use of animals for research purposes and
received the authorization number 2019071715406895_V2-21517 delivered
by the French Ministry of Higher Education, Research and Innovation, after
approval by the animal experimentation ethical committee Pays de Loire
CEEA-006. Animals were reared at the PEAT INRAE poultry experimental facility
(2018, https://doi.org/10.15454/1.5572326250887292E12) registered by the
French Ministry of Agriculture under license number C-37-175-1 for animal
experimentation (INRAE, Centre Val de Loire, Nouzilly, France). All methods
reported are in accordance with the ARRIVE guidelines (https://arriveguid
elines.org) for the reporting of animal experiments.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
LINRAE, Université de Tours, BOA, 37380 Nouzilly, France. 2INRAE, PEAT,
37380 Nouzilly, France.

Received: 7 July 2021 Accepted: 14 February 2022
Published online: 16 March 2022

References

1. MédaB, Dusart L, Lessire M, Hallouis JM, Bordeau T, Souchet C, et al.
Replacing soybean meal by alternative protein sources: multicriteria
assessment of a“Label Rouge” chicken production system. Proceedings
of 11émes Journées de la Recherche Avicole et Palmipedes a Foie Gras,
Tours, France, 25-26/03/2015. 2015;1082-87.

2. Abasht B, Mignon-Grasteau S, Bottje W, Lake J. Genetics and genomics
of feed utilization e ciency in poultry species. In: Aggrey SE, Zhou H,
Tixier-Boichard M, Rhoads DD, editors. Advances in poultry genetics and
genomics. Cambridge: Burleigh Dodds Series in Agricultural Science;
2020. p. 183-220. https://doi.org/10.19103/AS.2020.0065.11.

3. Lathuilliére MJ, Miranda EJ, Bulle C, Couto EG, Johnson MS. Land occupa-
tion and transformation impacts of soybean production in Southern
Amazonia. Brazil J Clean Prod. 2017;149:680-9. https://doi.org/10.1016/J.
JCLEPR0O.2017.02.120.

4. Berger Q, Guettier E, Urvoix S, Bernard J, Ganier P, Chahnamian M, et al. The
kinetics of growth, feed intake, and feed e  ciency reveal a good capacity
of adaptation of slow and rapid growing broilers to alternative diets. Poult
Sci. 2021;100:101010. https://doi.org/10.1016/j.ps}.2021.01.032.

5. Foltyn M, RadaV, Lichovnikova M, Drackova E. E ect of corn DDGS on broil-
ers performance and meat quality. Acta Univ Agric Silvic Mendelianae Brun.
2013,61:59-64. https.//doi.org/10.11118/actaun201361010059.

6. Gopinger E, Xavier EG, Elias MC, Catalan AAS, Castro MLS, Nunes AP, et al.
Thee ectofdi erentdietary levels of canola meal on growth perfor-
mance, nutrient digestibility, and gut morphology of broiler chickens.
Poult Sci. 2014;93:1130-6. https://doi.org/10.3382/ps.2013-03426.

7. Aggrey SE, Karnuah AB, Sebastian B, Anthony NB. Genetic properties
of feed e ciency parameters in meat-type chickens. Genet Sel Evol.
2010;42:25. https://doi.org/10.1186/1297-9686-42-25.

8. Aggrey S, Gonzélez-Ceron F, Rekaya R. Association of SNPs with com-
ponents of residual feed intake parameters in a meat-type chicken
population. Proc 101 World Congress on Genetics Applied to Livestock
Production, Vancouver, BC, Canada, 17-22/08/2014. 2014.

9. Beaumont C, Guillaumin S, Geraert PA, Mignon-Grasteau S, Leclercq B.
Genetic parameters of body weight of broiler chickens measured at 22°C or
32°C. Br Poult Sci. 1998,39:488-91. https://doi.org/10.1080/00071669888647.


https://doi.org/10.1186/s12863-022-01035-z
https://doi.org/10.1186/s12863-022-01035-z
https://doi.org/10.15454/QBNHAD
https://doi.org/10.15454/1.5572326250887292E12
https://arriveguidelines.org
https://arriveguidelines.org
https://doi.org/10.19103/AS.2020.0065.11
https://doi.org/10.1016/J.JCLEPRO.2017.02.120
https://doi.org/10.1016/J.JCLEPRO.2017.02.120
https://doi.org/10.1016/j.psj.2021.01.032
https://doi.org/10.11118/actaun201361010059
https://doi.org/10.3382/ps.2013-03426
https://doi.org/10.1186/1297-9686-42-25
https://doi.org/10.1080/00071669888647

Berger et al. BMC Genomic Data

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

(2022) 23:18

Zhang X, Tsuruta S, Andonov S, Lourenco DAL, Sapp RL, Wang C, et al.
Relationships among mortality, performance, and disorder traits in broiler
chickens: a genetic and genomic approach. Poult Sci. 2018,97:1511-8.
https://doi.org/10.3382/ps/pex431.

Guettier E, Urvoix S, Servant P Mika A, Berger Q, Mignon-Grasteau S. Mise
au point d'un automate de consommation alimentaire pour volailles
nommé BIRD-e: Bird Individual Ration Dispenser-electronic. Cahier des
Techniques de I'INRA. 2020;,99:12 p.

INRAE. Bird-e. Automate de consommation alimentaire pour volailles.
2020. https.//www.feed-a-gene.eu/media/bird-e-automate-de-conso
mmation-alimentaire-pour-volailles.

Abasht B, Zhou N, Lee WR, Zhuo Z, Peripolli E. The metabolic characteris-
tics of susceptibility to wooden breast disease in chickens with high feed
e ciency. Poult Sci. 2019;98:3246-56. https://doi.org/10.3382/ps/pez183.
Alnahhas N, Berri C, Boulay M, Baéza E, Jégo Y, Baumard Y, et al. Selecting
broiler chickens for ultimate pH of breast muscle: Analysis of divergent
selection experiment and phenotypic consequences on meat quality,
growth, and body composition traits. J Anim Sci. 2014,92:3816-24.
https://doi.org/10.2527/jas.2014-7597.

Le Bihan-Duval E, Debut M, Berri CM, Sellier N, Santé-Lhoutellier V, Jégo

Y, et al. Chicken meat quality: genetic variability and relationship with
growth and muscle characteristics. BMC Genet. 2008;9:53. https://doi.org/
10.1186/1471-2156-9-53.

Alnahhas N, Le Bihan-Duval E, Baeza E, Chabault M, Chartrin P, Bordeau

T, et al. Impact of divergent selection for ultimate pH of Pectoralis major
muscle on biochemical, histological, and sensorial attributes of broiler
meat. J Anim Sci. 2015;93:4524-31. https://doi.org/10.2527/jas.2015-9100.
Métayer-Coustard S, Tesseraud S, Praud C, Royer D, Bordeau T, Coudert

E, et al. Early growth and protein-energy metabolism in chicken lines
divergently selected on ultimate pH. Front Physiol. 2021;12. https://doi.
0rg/10.3389/fphys.2021.643580.

Métayer-Coustard S, Franzoni A, Réhault-Godbert S, Collin A, Travel A,
Raynaud E, et al. Variation in energy stores: impact on reproduction and
egg characteristics in meat-type strains. Proceedings of 13émes Journées
de la Recherche Avicole et Palmipédes & Foie Gras, Tours, France,
20-21/03/2019. 2019; 206-9.

TonaK, Bamelis F, De Ketelaere B, Bruggeman V, Moraes VMB, Buyse J, et al.

E ects of egg storage time on spread of hatch, chick quality, and chick juve-
nile growth. Poult Sci. 2003;82:736-41. https://doi.org/10.1093/ps/82.5.736.
Beauclercq S, Nadal-Desbarats L, Hennequet-Antier C, Collin A, Tesseraud
S, Bourin M, et al. Serum and muscle metabolomics for the prediction

of ultimate pH, a key factor for chicken-meat quality. J Proteome Res.
2016;15:1168-78. https://doi.org/10.1021/acs jproteome.5b01050.
Beauclercq S, Hennequet-Antier C, Praud C, Godet E, Collin A, Tesseraud
S, et al. Muscle transcriptome analysis reveals molecular pathways

and biomarkers involved in extreme ultimate pH and meat defect
occurrence in chicken. Sci Rep. 2017;7:6447. https://doi.org/10.1038/
541598-017-06511-6.

Hubbard. Poulet de chair : Guide et recommandations nutritionnelles. 2020.
https.//www.hubbardbreeders.com/media/hep_guide_broiler_fr.pdf.

Reed WL, Clark ME. Beyond maternal e ects in birds: responses of the
embryo to the environment. Integr Comp Biol. 2011;51:73-80. https.//doi.
0rg/10.1093/icb/icr032.

Prakash A, Saxena VK, Singh MK. Genetic analysis of residual feed intake, feed
conversion ratio ad related growth parameters in broiler chicken: a review. W
Poult Sci J. 2020;76:304_17. https://doi.org/10.1080/00439339.2020.1735978.
Chen C,Su Z, LiY, Luan P Wand S, Zhang H, et al. Estimation of he genetic
parameters of traits relevant to feed e  ciency: result from broiler lines
divergent for high or low abdominal fat content. Poult Sci. 2021;100:461—
6. https.//doi.org/10.1016/j.ps}.2020.10.028.

Bernon DE, Chambers JR. Genetic parameters of unadjusted and adjusted
age- constant feed consumption and e ciency in meat type chickens.
Poult Sci. 1988,67:1497-304.

Beaumont C, Guillaumin S, Geraert PA, Mignon-Grasteau S, Leclercq B.
Genetic parameters of body weight of broiler chickens measured at 22
degrees or 32 degrees. Br Poult Sci. 1998;39:488-91.

Howie JA, Avendano S, Tolkamp BJ, Kyriazakis I. Genetic parameters of
feeding behavior traits and their relationship with live performance traits
in modern broiler lines. Poult Sci. 2011;90:1197-205. https://doi.org/10.
3382/ps.2010-01313.

29.

30.

3L

32.

33.

34,

Page 11 of 11

Wang L, Chambers JR, Mac MI. Heritabilities of adjusted and unadjusted
feed and abdominal fat traits in a broiler dam population. Poult sci.
1991;70:440-6. https://doi.org/10.3382/ps.0700440.

Laisse S, Baumont R, Dusart L, Gaudré D, Rouillé B, Benoit M, et al.

Le cience nette de conversion des aliments par les animaux délevage :
une nouvelle approche pour évaluer la contribution de I'élevage a
l'alimentation humaine. INRAE Prod Anim. 2018;31:269-88. https://doi.
0rg/10.20870/productions-animales.2018.31.3.2355.

Pampouille E, Dusart L, Bonnouvrier A, Danel J, Dauguet S, Désolé M, et al.
VOCALIM - Mieux valoriser des matiéres premieres métropolitaines dans
I'alimentation des poulets de chair pour améliorer I'autonomie protéique
francaise. Innov Agron. 2021;82:425-40.

SAS Institute Inc. SAS/STAT® 13.1 User’s Guide. Cary, NC: SAS Institute Inc.
2013.

Groeneveld LF, Lenstra JA, Eding H, Toro MA, Scherf B, Pilling D, et al.
Genetic diversity in farm animals — a review. Anim Genet. 2010;41:6-31.
https://doi.org/10.1111/}.1365-2052.2010.02038 x.

Neumaier A, Groeneveld E. Restricted maximum likelihood estimation of
covariances in sparse linear models. Genet Sel Evol. 1998;30:3. https://doi.
0rg/10.1186/1297-9686-30-1-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a liations.


https://doi.org/10.3382/ps/pex431
https://www.feed-a-gene.eu/media/bird-e-automate-de-consommation-alimentaire-pour-volailles
https://www.feed-a-gene.eu/media/bird-e-automate-de-consommation-alimentaire-pour-volailles
https://doi.org/10.3382/ps/pez183
https://doi.org/10.2527/jas.2014-7597
https://doi.org/10.1186/1471-2156-9-53
https://doi.org/10.1186/1471-2156-9-53
https://doi.org/10.2527/jas.2015-9100
https://doi.org/10.3389/fphys.2021.643580
https://doi.org/10.3389/fphys.2021.643580
https://doi.org/10.1093/ps/82.5.736
https://doi.org/10.1021/acs.jproteome.5b01050
https://doi.org/10.1038/s41598-017-06511-6
https://doi.org/10.1038/s41598-017-06511-6
https://www.hubbardbreeders.com/media/hep_guide_broiler_fr.pdf
https://doi.org/10.1093/icb/icr032
https://doi.org/10.1093/icb/icr032
https://doi.org/10.1080/00439339.2020.1735978
https://doi.org/10.1016/j.psj.2020.10.028
https://doi.org/10.3382/ps.2010-01313
https://doi.org/10.3382/ps.2010-01313
https://doi.org/10.3382/ps.0700440
https://doi.org/10.20870/productions-animales.2018.31.3.2355
https://doi.org/10.20870/productions-animales.2018.31.3.2355
https://doi.org/10.1111/j.1365-2052.2010.02038.x
https://doi.org/10.1186/1297-9686-30-1-3
https://doi.org/10.1186/1297-9686-30-1-3

	Profiles of genetic parameters of body weight and feed efficiency in two divergent broiler lines for meat ultimate pH
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results


